Commissureless (Comm) is a novel transmembrane molecule necessary both for commissural axons to cross the midline of the Drosophila central nervous system and normal synaptogenesis. Comm is able to reduce cell surface levels of Roundabout (Robo), a receptor for the midline repellent Slit, on commissural axons and unknown inhibitors of synaptogenesis expressed on muscle cells. Comm is expressed dynamically and is found at the cell surface and within intracellular vesicles. Comm can bind Robo and when the proteins are co-expressed Robo is found co-localised with Comm intracellularly. Here we show that the ability of Comm to localise intracellularly and hence regulate Robo surface levels requires sequences in both the N-terminal and transmembrane domains. We also show that Comm can dimerise via its N-terminal domain. Furthermore, absence of the Comm N-terminal and transmembrane regions results in the protein being restricted to the neuron soma. q
Introduction
Axons make a number of pathway decisions as they extend towards their targets during the development of the nervous system (Goodman, 1996) . The axons select their own stereotypical trajectory and are guided along this route by a careful examination of their environment. This environment contains a number of molecular signals that the axon can use to navigate. As an axon extends it moves into differing areas where it encounters new signals that influence its subsequent extension (O'Connor, 1999; Stoeckli and Landmesser, 1998; Tessier-Lavigne and Goodman, 1996) . Coincident with these changes in the environment the axon is also able to adapt how it responds to the various cues it encounters by the addition or removal of receptor activity on its cell surface (Bonkowsky et al., 1999; Kidd et al., 1998a; Zou et al., 2000) . A classic example where axons change their behaviour as they extend towards their final target is the midline of the central nervous system (CNS). Commissural axons extend across the midline before turning to extend along a rostral-caudal pathway. In the course of their growth these axons in turn extend away from a lateral position towards the midline, cross the midline, then away from the midline to a new contralateral position and finally turn into a longitudinal pathway (Colamarino and Tessier-Lavigne, 1995; Klambt et al., 1991) . These axons react to lateral cues differentially prior to or after crossing the midline and are no longer attracted to midline cells once across the midline suggesting that they change their behavioural response to these cues as they extend (Shirasaki et al., 1998; Stoeckli and Landmesser, 1998) . Several cell surface axonal molecules are differentially expressed on commissural axons as they migrate. In rodents TAG-1 is expressed prior to reaching the midline whilst L-1 is found on commissural axons after crossing the midline . In Drosophila Derailed and Commissureless (Comm) are expressed on commissural axons as they cross the midline (Bonkowsky et al., 1999; Myat et al., 2002; Tear et al., 1996) whilst Roundabout (Robo) is excluded from the commissural region of these axons (Kidd et al., 1998a) .
Manipulations that disrupt the normal patterns of expression of these molecules result in axon guidance errors suggesting that the correct spatial localisation of the proteins is necessary for normal axon guidance.
Robo is the receptor for the midline expressed axon repellent Slit (Battye et al., 1999; Brose et al., 1999; Kidd et al., 1999) . In Drosophila robo is transcribed by all CNS neurons but Robo protein is not present on commissural axons so allowing them to cross the midline where Slit levels are high. However, once across the midline Robo protein expression levels increase in these axons to prevent them returning to the midline (Kidd et al., 1998a) . Similarly vertebrate axons lose their attractive response to the midline attractant netrin and become sensitive to the Slit ligand after crossing the midline (Stein and Tessier-Lavigne, 2001; Zou et al., 2000) due in part to an increase in functional Robo levels. Little is known about how these molecules are differentially expressed on vertebrate commissural axons. However, studies in Drosophila have identified that Comm is able to regulate Robo protein levels. Over expression of Comm in the CNS results in a reduction in Robo levels (Kidd et al., 1998b) . Recent studies show that Comm is expressed and required at the midline and in commissural neurons for appropriate midline crossing (Georgiou and Tear, 2002) . When Comm and Robo are coexpressed Robo protein is no longer found at the cell surface but co-localises with Comm within intracellular vesicles (Keleman et al., 2002; Myat et al., 2002) . This ability of Comm to localise within vesicles and to re-localise Robo requires the intracellular domain of the molecule which contains a binding site for the ubiquitin ligase DNedd4 (Myat et al., 2002) . When DNedd4 is unable to bind Comm the Comm molecule is localised to the plasma membrane. DNedd4 catalyses the addition of ubiquitin to Comm and this is likely to provide a signal for Comm internalisation. Comm is active in commissural neurons where it can prevent Robo protein levels accumulating thus providing a mechanism by which commissural axons can extend towards and across the midline (Georgiou and Tear, 2002) . Comm is inactive in these axons after they cross the midline and Robo protein is able to accumulate preventing these axons from recrossing the midline. Comm protein appears to be prevented from reaching the contralateral portion of commissural axons since it accumulates at the midline ( Fig. 1) (Georgiou and Tear, 2002; Tear et al., 1996) despite comm RNA levels decreasing in these cells (Keleman et al., 2002) . Comm is present on the surface of the midline cells and commissural axons suggesting that a trans interaction may prevent Comm from being internalised into the axons and travelling distally. Alternatively a diffusion barrier may be set up at the midline similar to that proposed to occur between the somatodendritic and axonal portions of cultured neurons .
Here we investigate the functional roles of differing regions of the Comm molecule. We identify that the N-terminal and transmembrane domains are essential for Comm to downregulate Robo and that Comm can bind itself through its N-terminal domain. Further, when the transmembrane domain of Comm is replaced the chimeric protein associates with the plasma membrane and cannot be internalised into the cell. This inability to localise to intracellular vesicles results in a failure of the Comm protein to be transported away from the neuronal cell body and Comm is not expressed within axons. Thus for Comm to function efficiently it must be able to internalise into the cell both for transport to the axon and in order to remove Robo from the cell surface. Normally this axonal transport is halted at the commissure and this block may be provided by an interaction between the N-terminal regions of the Comm proteins expressed on midline glia and commissural axons.
Results

Comm's N-terminal and transmembrane domains are essential for correct localisation and function in vitro
The C-terminal intracellular region of Comm is essential for its function at the midline and neuromuscular junction (Tear et al., 1996; Wolf et al., 1998 ). An important role for this region is the provision of sequences that enable internalisation of Comm alone or together with the cell surface molecule Robo or post-synaptic inhibitors of synaptogenesis (Tear et al., 1996; Wolf et al., 1998) . We constructed a series of deletion variants of Comm to test whether the N-terminal and transmembrane regions of Comm are also necessary for Comm function. We had previously constructed a C-terminal tagged Comm-GFP molecule whose intracellular distribution and activity in vivo and in vitro matches that of the wild-type Comm molecule (Georgiou and Tear, 2002) . A PCR based strategy was used to construct versions of this Comm-GFP molecule (Comm D1 , Comm D2 and Comm DEC ) that had increasing amounts of the N-terminal region removed from the protein (Fig. 2) . In addition to these variants two further deletion constructs were made that removed the entire N-terminal domain plus the transmembrane domain of Comm (CD8::Comm IC and myrComm IC ). CD8::Comm IC has the N-terminal and transmembrane region of Comm replaced by the corresponding regions from the murine CD8 molecule (Littman et al., 1985; Zito et al., 1997) while myrComm IC is composed of the intracellular domain of Comm with a myristoylation sequence (Guy et al., 1987) at the N-terminal.
An in vitro assay was used to observe both Comm's subcellular localisation and its ability to regulate Robo protein levels. Wild-type Comm, when expressed in cultured Drosophila S2 cells, has an even vesicular distribution throughout the cell, although some cell surface Comm is observable (Georgiou and Tear, 2002; Myat et al., 2002; Tear et al., 1996) . Robo, when expressed in S2 cells, localises to the plasma membrane. However, co-expression of both Comm and Robo results in the clearance of Robo protein from the cell surface; Robo now co-localises with Comm in intracellular vesicles. This internalisation of Robo in vitro mimics a primary function of Comm in vivo, its ability to down-regulate Robo protein levels on commissural axons.
Full-length Comm-GFP mirrors wild-type Comm in its localisation pattern and its ability to internalise Robo from the cell surface (Table 1 ; Fig. 3A,F) . However, the Comm variant that lacks the N-terminal domain, Comm DEC , shows an abnormal cellular localisation and a loss of function. In S2 cells Comm DEC retains the punctate distribution characteristic of wild-type Comm, however, there is also a general haze of GFP fluorescence throughout the cytoplasm and substantially more protein at the membrane. Occasionally the punctate distribution of the protein is also disrupted with fewer and larger dots of fluorescence or strong fluorescence visible within a sub-compartment of the cell (Table 1 ; Fig. 3D ). Comm DEC also has a reduced ability to internalise Robo. Some Robo is still internalised and colocalises with Comm DEC , however, substantial amounts of Robo protein remains on the cell surface (Fig. 3I) .
Comm D2 , which lacks three quarters of the N-terminal domain, has a similar distribution and ability to clear cell surface Robo as does Comm DEC (Table 1 The distribution of the mutated Comm proteins were characterised as having one of four distributions. 1. Wild type Comm localisation. An even punctate distribution throughout the cell with some cell surface Comm occasionally observable. 2. Punctate distribution is present with a more general diffuse appearance in the cytoplasm and more Comm at the cell surface. 3. Complete disruption of the punctate pattern with protein at the cell surface and occasionally in a single compartment within the cell. 4. Aberrant distribution with protein accumulating in a few large aggregations within the cell. that the stretch of aminoacids between 62 and 99 contains the N-terminal Comm activity. These experiments reveal that Robo protein essentially follows the distribution of the Comm molecule be it full length or truncated. Importantly Comm DEC can still interact with and relocalise Robo but is unable to internalise Robo with high efficiency.
The chimeric protein CD8-Comm IC has a very different distribution within the cell to that shown by normal Comm. CD8-Comm IC primarily associates with the cell surface and is not found within vesicles. CD8-Comm IC is also unable to internalise Robo. Robo remains entirely at the cell surface when coexpressed with CD8-Comm IC (Fig. 3E,J) . The myristoylated Comm construct, myr-Comm IC , displays a variable localisation within S2 cells and is also unable to internalise Robo (data not shown). Thus the transmembrane domain of Comm is essential for the normal intracellular localisation of the protein and its ability to relocalise Robo.
Comm's N-terminal and transmembrane domains are essential for correct localisation and function in vivo
In the embryo, Comm has a punctate vesicular distribution within cells both in the epidermis and CNS (Myat et al., 2002; Tear et al., 1996) . We examined the distribution of the tagged variant Comm proteins in vivo using the UAS/GAL4 system (Brand and Perrimon, 1993) to express them in specific cell-types within the ventral nerve cord. The slit-or sim-Gal4 drivers were used to drive expression of the proteins at the midline with the same result. In midline cells full-length Comm-GFP is expressed in a punctate distribution (Fig. 3K ) similar to that shown by wild type Comm and to that observed in S2 cells. The protein is also distributed within the axons of the midline MP1 neurons. However, a shift in Comm distribution from predominantly intracellular to entirely cell surface occurs as increasing amounts of the N-terminal region of Comm is removed. The cellular localisation of the Comm derivatives in the midline cells mirrors that seen in the S2 cells. Comm D1 is found mostly within the cell (Fig. 3L ) while Comm D2 is mainly found at the cell surface, as is Comm DEC (Fig. 3M,N) . CD8-Comm IC is localised entirely at the cell membrane (Fig. 3O ). Interestingly as found for wild type Comm driving these proteins at the midline had no effect on axon guidance within the CNS.
In the S2 cells it appears that for Comm to reduce cell surface Robo it must be able take up an intracellular distribution. We examined whether the truncated molecules can function within neurons to down-regulate Robo and phenocopy a robo phenotype by driving their expression with either the elav-or sca-GAL4 drivers. Full-length Comm-GFP can produce a strong robo-like phenotype when one copy is driven and a more severe slit-like phenotype when two copies of the protein are driven pan-neurally (Fig. 4A,E) as found for Comm itself (Kidd et al., , 1998b Myat et al., 2002) . However, removal of the N-terminal domain of Comm results in an almost complete loss of Comm function. Only when two copies of Comm DEC are driven does a very mild robo-like phenotype result (Fig. 4H) . As suggested by the in vitro experiments, this protein has some residual function but its ability to down-regulate Robo is severely disrupted. Again Comm D1 and Comm D2 show reduced function while both CD8-Comm IC and myr-Comm IC are nonfunctional (Fig. 4I,J) . Comm D1 is almost wild-type in its ability to phenocopy a robo phenotype but is unable to achieve a full slit-like phenotype when two copies are driven (Fig. 4B,F) . Comm D2 shows considerable loss of function but is able to produce a robo phenocopy when two copies are driven (Fig. 4C,G) . This may indicate that Comm's extracellular region does not include a single specific domain that is required for correct function. However, there is an indication of a requirement for the region of Comm between position 62 and 99, i.e. the region present in Comm D1 but missing in Comm D2 . Overall, for Comm to function as a regulator of Robo the protein must be able to localise appropriately intracellularly which necessitates elements of the Comm N-terminal domain.
The Comm transmembrane domain is required for correct localisation within axons
In the CNS of the wild type embryo Comm has a punctate distribution within the neuronal cell bodies and accumulates at the commissural region of the axon. The derivatives of Comm that lack all or some of the extracellular region of the protein are also expressed in a punctate pattern and can accumulate within the commissures (Fig. 5A ). This is not true of the constructs that remove the extracellular and transmembrane regions from Comm. Both CD8-Comm IC and myr-Comm IC do not have a punctate distribution but rather are found at the cell surface within the CNS. Interestingly, when these proteins lacking the Comm transmembrane domain are expressed in the CNS they are restricted to the surface of the neuronal cell body; no protein reaches the axon (Fig. 5 ). This behaviour is especially surprising in the case of the chimeric molecule, since full-length CD8 or other fusion proteins bearing CD8 extracellular and transmembrane domains, e.g. CD8::Sh or CD8::GFP, when expressed in Drosophila are able to reach the entire surface of the cell where they are expressed (Lee and Luo, 1999; Zito et al., 1997) . Thus, the presence of the Comm intracellular region without its normal transmembrane or N-terminal regions seems to prevent the protein from exiting the cell body. All other deletion constructs, which include the Comm transmembrane domain, localise correctly in axons and have some punctate staining within the cell body (Fig. 5) . Perhaps the Comm transmembrane domain provides a function that overcomes a property of the intracellular domain to restrict the protein to the soma, and allows targeting of the protein to the axon.
Co-immunoprecipitation experiments reveal a homophilic interaction
Previously we have shown that Comm is required both at the midline and in neurons for axons to correctly navigate the midline (Georgiou and Tear, 2002) and that Comm accumulates at the midline (Tear et al., 1996) . This led us to investigate whether Comm is able to bind to itself and which regions of the protein are responsible for this binding. S2 cells were co-transfected with two tagged versions of Comm, Comm-GFP and Comm-myc. Anti-GFP or a control antibody anti-bGal were used to immunoprecipitate from the S2 cell lysate and the precipitated proteins immunoblotted with anti-myc. A band corresponding to Comm-myc was observed from Comm-GFP:Comm-myc transfected cells, but not in negative controls (Fig. 6) . We used our GFP tagged deletion constructs to identify which regions of Comm were required for this interaction. Comm D1 is able to support a strong interaction with full length Comm. However, when Comm D2 or Comm DEC were co-transfected with Comm-myc a substantially reduced amount of Commmyc was immunoprecipitated from the cells. The chimeric molecule CD8-Comm IC failed to precipitate any Commmyc (Fig. 6) . The Comm N-terminal domain is therefore essential for this interaction and the transmembrane domain may support some Comm/Comm interaction.
Discussion
Comm is necessary for axons to cross the CNS midline in Drosophila (Seeger et al., 1993; Tear et al., 1996) .where it plays an important role to regulate cell surface levels of the transmembrane receptor protein Robo (Kidd et al., 1998b) . By controlling the surface levels of Robo, Comm regulates the sensitivity of axons to the midline repellent Slit. Comm is present at highest levels at the midline where it is expressed on midline cells and commissural axons, precisely the area where Robo protein is excluded. The distribution of Comm allows the downregulation of Robo on commissural axons and permits them to cross the midline (Keleman et al., 2002; Myat et al., 2002) . Comm also functions at the neuromuscular junction where it is expressed in the post-synaptic cell and acts to remove unknown inhibitors of synapse formation from the cell surface (Wolf et al., 1998) . Comm activity at the neuromuscular junction requires that Comm can endocytose into the cell, when it presumably coendocytoses the synaptogenesis inhibitors. It has been previously shown that the intracellular region of Comm is essential for function both at the midline and at the neuromuscular junction (Keleman et al., 2002; Tear et al., 1996; Wolf et al., 1998) . The intracellular region of Comm includes binding sites for the ubiquitin ligase, DNedd4 and a possible adaptin binding site (Myat et al., 2002; Wolf et al., 1998) . The interaction between DNedd4 and Comm is necessary for Comm to localise within intracellular vesicles. In the absence of this interaction Comm is expressed at the cell surface and is unable to prevent Robo accumulation at the plasma membrane (Myat et al., 2002) . In this paper, we have shown that the N-terminal and transmembrane domains of Comm are also essential for its function. Both these regions of the protein appear to be necessary for Comm to localise efficiently to endosomes within the cell. In the absence of the N-terminal Comm is less efficiently targeted to the endosomes, this reduces the efficiency of the molecule to sort Robo away from the cell surface. When the N-terminal and transmembrane domains of Comm are replaced the chimeric protein localises to the cell surface and is unable to reduce surface levels of Robo (Figs. 3E,J and  4I ). We further find that the Comm transmembrane domain is required both for targeting Comm to intracellular vesicles and also its transport along CNS axons. When deletion constructs lacking the Comm transmembrane domain are expressed within neurons at the midline or in the CNS they remain in the soma and are not trafficked to the axon (Figs. 3O  and 4E,G) . When the deletion constructs CommD2 and CommDEC are expressed at the midline little Comm protein is seen in the axons of the midline neurons (Fig. 3M,N ) in contrast to their expression throughout the CNS when they can be seen in axons (Fig. 3C) . We suspect that these forms can reach the axons inefficiently and we fail to detect the protein in the axons when it is expressed in the small number of midline neurons as compared to when it is expressed in all CNS neurons.
Comm's N-terminal domain is required for the efficient trafficking of Comm
We find that the N-terminal domain of Comm is required for Comm's correct function in both in vivo and in vitro experiments. Comm DEC shows some residual function but its ability to prevent Robo reaching the cell surface is severely disrupted. If increased proportions of the N-terminal are provided, an improvement in Comm function results. Comm D1 is more often targeted to the same intracellular localisation as Comm whereas Comm D2 and Comm DEC are less often found within vesicles, suggesting an essential trafficking signal exists within the sequence between amino acids 62 and 99, i.e. NSFNALLQ-RIGNAAVSYDPAPPSGWSPDGSISTEQLSK.
When Robo is co-transfected with the Comm variants its distribution follows that of Comm (Fig. 3) . Removal of the N-terminal of Comm results in a greater proportion of Robo localised to the plasma membrane. When driven in neurons, some Comm DEC can localise correctly to the commissure, however, the molecule's reduced function is evident in its failure to generate a strong robo phenocopy. This suggests that the appropriate trafficking of Comm requires both the DNedd4 binding site in the cytosolic domain of Comm (Myat et al., 2002) and sequences in the N-terminal. Two models have been proposed for Comm mediated regulation of Robo whereby Comm retrieves Robo from the cell surface or prevents Robo transport to the cell surface (Keleman et al., 2002; Myat et al., 2002) . Keleman et al. (2002) suggest that Comm acts as a protein chaperone to sort Robo away from a plasma membrane pathway to an intracellular endocytic destination. Perhaps the appropriate sorting of Comm itself to an endocytic location involves elements resident in the trans-Golgi network or endoplasmic reticulum that recognise the N-terminal region of Comm to traffic it appropriately in addition to the ubiquitin tag signal added by D-Nedd4 (Myat et al., 2002) . Alternatively the N-terminal sequence may be necessary for the receipt of an extracellular signal required for the efficient internalisation of Comm via the intracellular addition of ubiquitin.
The Comm transmembrane domain is essential for its correct intracellular localisation
The normal intracellular targeting of Comm is completely disrupted if the Comm transmembrane domain is not present or is replaced. Comm variants that replace the Comm transmembrane region localise to the plasma membrane when expressed in S2 cells, at the midline or in neurons. This disruption is most striking when the proteins are expressed throughout the nervous system. Here, the mutant protein localises to the cell surface of neuronal cell bodies and does not exit the cell bodies. This manipulation of the Comm protein disrupts two aspects of its normal intracellular localisation, a vesicular distribution within the cell body and distribution to the axon.
In the absence of both the N-terminal and transmembrane regions of Comm the protein cannot localise intracellularly and therefore cannot target Robo away from the cell surface. The replacement of the Comm transmembrane region results in a complete abrogation of Comm's ability to localise within intracellular vesicles suggesting that the Comm transmembrane region provides some information necessary for its targeting in addition to that provided by the N-terminal regions.
Intriguingly the replacement of the normal Comm transmembrane region results in targeting specifically to the cell body plasma membrane and the manipulated Comm molecule is not transported along the axon. This suggests that Comm is translated in the cell body and requires a transport mechanism to reach distal regions of the axon. Targeting of Comm to the intracellular vesicles it normally occupies may be a requisite for Comm to extend along the axon.
Comm protein accumulation at the midline requires trafficking via intracellular vesicles
The Comm protein has a specific spatial location within the commissural axons where it is expressed at high levels on the commissural stretches of these neurons. This is precisely the region where Robo protein levels are at their lowest throughout axon outgrowth. Even after the neurons have crossed the midline they maintain low levels of Robo protein on the commissures until stage 16 when the Comm protein levels eventually decline (Tear et al., 1996) (Fig. 1C) . This localisation/stabilisation of Comm at the commissures may act to ensure continued downregulation of Robo levels there and ensure Robo is only present on the distal regions of the axons. The failure to observe Robo within the commissural regions suggests that Robo may be added to the axon surface distally, perhaps at the growth cone and that a mechanism exists at the midline to prevent this protein diffusing back to the soma.
Neurons are highly specialised cells that can both send and receive intercellular signals at different regions within the cell. This property requires that membrane proteins be targeted to specific locations within the cell. Different proteins may be found either throughout the cell or targeted to the axon, growth cone or the somatodendritic region (Bradke and Dotti, 1998; Craig and Banker, 1994; Craig et al., 1995) . Comm displays a specific distribution within neurons where it accumulates along the commissural regions at the midline (Myat et al., 2002; Tear et al., 1996) . This distribution is not unique to Comm as a similar distribution is also taken up by the Drosophila Derailed protein (Bonkowsky et al., 1999) . To date no general targeting signals or mechanisms have been identified that specify a neuronal protein's intracellular address. Studies on neuronal protein targeting have suggested that the transGolgi network sorts membrane proteins into different vesicles that traffic the protein to their correct location or that proteins are selectively retained in particular neuronal domains (Sampo et al., 2003; . Attempts have been made to identify the neuronal sorting signals that target proteins to the somatodendritic region or the axon. Coarse locations for these sorting signals have been defined for several neuronal proteins. The amyloid precursor protein (APP) contains a signal in its N-terminal or transmembrane domain necessary for targeting to the axon whereas Synaptobevin contains a signal in its cytoplasmic region (Bradke and Dotti, 1998) . The transferrin receptor, polymeric immunoglobulin receptor and the low density lipoprotein receptor all have their somatodendritic sorting signals in their cytoplasmic domains (Bradke and Dotti, 1998) . In addition to targeting signals that direct neuronal proteins to particular locations there are also selective retention signals that allow proteins to be maintained or lost from particular locations (Sampo et al., 2003) . Transcytosis can occur whereby a protein is initially located throughout the neuron but subsequently relocates via the endocytic machinery to its appropriate location e.g. APP moves from axon to the soma (Tienari et al., 1996; Yamazaki et al., 1995) . Also diffusion barriers exist that serve to maintain localised neuronal proteins to their correct locale . In the case of Comm it appears to be specifically localised to the commissural region of the axon, is the protein selectively trafficked to this region of the axon or do components of the endocytic machinery prevent Comm from remaining distal to the midline? Interestingly it has emerged that differential lipid domains within the membrane may also play a role in targeting proteins within a cell (El-Husseini Ael et al., 2001) . Detergent-insoluble glycolipid domains or rafts may serve as sorting platforms to direct proteins such as Thy-1 to the axon (Ledesma et al., 1999) . Perhaps the commissural region of axons contains a differential lipid composition that mediates Comm localisation, interestingly Nedd4 associates with lipid rafts (Lafont and Simons, 2001; Plant et al., 2000) and thus may play a role in targeting Comm.
Comm can interact homophilically
Since Comm is expressed at high levels on the surface of the midline cells that contact the commissural axons at precisely the point where Comm accumulates within the axons we wondered whether there may be an interaction between Comm on the midline cells and Comm on the commissural axons. We have demonstrated a Comm:Comm interaction can take place within S2 cells using a coimmunoprecipitation assay. A strong interaction is dependent on the region N-terminal to the transmembrane region being intact while no interaction is observed without this region and the Comm transmembrane domain. This assay suggests that a cis-interaction between Comm molecules can take place and since these regions are necessary for Comm trafficking this interaction may also be necessary for Comm to be located intracellularly.
We suggest that the Comm N-terminal region and transmembrane domain, possibly through a cis-homophilic interaction or by some other interaction, is promoting the internalisation of Comm. This internal vesicular location of Comm enables it to be transported away from the cell body to the commissure. Once Comm reaches the commissural region it is sequestered there and does not travel further distally. Perhaps a signal from the midline cells triggers the sequestration of the Comm protein at the commissure. Whether this signal affects a membrane specialisation of the commissural axon or endocytic trafficking processes or allows a trans-homophilic interaction between Comm on the surface of the midline cells and any Comm that reaches the surface of the axon is not yet known.
Experimental procedures
Comm deletion and chimeric constructs
The construction of Comm-GFP has been previously described (Georgiou and Tear, 2002) . Different regions of this clone were amplified using the PCR to generate the constructs used. The PCR products were then cloned downstream of a GAL4 UAS in the pUAST vector (Brand and Perrimon, 1993 ) and the construct sequenced on both strands. The PCR primers used were: Comm DEC : Comm-D1:5EcoRI (5 0 -CGGAATTCAAAATGGCCGACATG CATGTGATC-3 0 ) and mGFP6:3XhoI (5 0 -GGCCTCGA-GTTATTTGTATAGTTATCC-3 0 ), Comm D1 : CommD11: 5EcoRI (5 0 -CGGAATTCAAAATGAACTCCTTCAACG-CCCTGC-3 0 ) and mGFP6:3XhoI, Comm D2 : CommD10: 5EcoRI (5 0 -CGGAATTCAAAATGAAGTCGGTGGTTCT GGATC-3 0 ) and mGFP6:3XhoI, myr-Comm IC : myrComm5EcoRI (5 0 -CGGAATTCAAAATGGGCA GCAGCAA-GAGCAAGCCCAAGGATCCCAGCCAGCGCCGCCGC AGCCTGGAGAGGAAGTTCCGCACTTGGAAAAAAT-GC-3 0 ) þ mGFP6:3XhoI. The CD8-CommIC construct was made by ligating a 0.7 kb EcoRI/AflII fragment of murine CD8 encoding aminoacids 1 -214 (Littman et al., 1985) and the PCR product from Comm-GFP generated using the primers CommIC5AflIII (5 0 -CGACGTGTTAGGAAGTT CCGCACT TGG-3 0 ) and mGFP6:3XhoI into pUAST.
S2 cell assay
Each of the Comm constructs were subcloned into pRmHa3. Transfections were carried out as described (Di Nocera and Dawid, 1983) . Twenty-four hours after transfection, protein expression was induced with 0.7 mM CuSO 4 . 16 h post-induction cells were washed and then resuspended in 300 ml PBS. The cells were then overlaid onto previously prepared poly-lysine coated coverslips (0.1 mg/ml) and allowed to adhere. Excess cells were removed and the coverslip briefly washed with PBS. Adhered cells were fixed by adding 2% (w/v) paraformaldehyde and incubating for 15 min at room temp. The cells were washed in PBS before addition of primary antibody in PBS þ 0.1% saponin. The cells were incubated with the primary antibody for 1 h then washed with PBS, and the secondary antibody added. After 1 h the secondary antibody was removed and cells washed 3X 5 min in PBS. The coverslips were mounted onto slides with two drops of mowiol.
Drosophila stocks
The slit-GAL4, sim-GAL4, elav-GAL4 and sca-GAL4 stocks were used. At least two different transgenic lines were derived for each Comm construct.
Immunohistochemistry
Immunohistochemistry was performed as described (Patel, 1994) . The following antibodies were used: mouse Mab13C9 (anti-Robo) (Kidd et al., 1998a) , mouse Mab BP102 (recognises an unknown epitope on the majority of CNS axons), rabbit anti-Comm (Georgiou and Tear, 2002) and rabbit anti-GFP (Molecular Probes).
Immunoprecipitation
S2 cells were transfected with cDNAs encoding a myc tagged version of full-length Comm (Tear et al., 1996) together with one of the following GFP tagged proteins: full-length Comm; Comm D1 , Comm D2 , Comm DEC , CD8.Comm IC . 10 6 -10 7 transfected S2 cells were pelleted and resuspended in ice-cold PBS (X2). Cells were then incubated on ice for 15 min in lysis buffer: 1% NP40, 50 mM Tris pH 8.0, 150 mM NaCl, 1 mM PMSF, 10 mg/ml pepstatin A, 10 mg/ml aprotinin, 2 mg/ml antipain. Cell lysates were pre-cleared with Protein A Agarose (Gibco-BRL) for 1 h at 4 8C. Following centrifugation to remove the agarose (12; 000g; 20 s) lysates were aliquoted (500 ml) and incubated with 1 mg/ml mAb 3e6 aGFP (Molecular Probes) overnight at 4 8C. Negative controls were performed using either untransfected cells or the unrelated antibody abGal (Promega). Immune complexes were precipitated with Protein A Agarose (50 ml/aliquot) for 1 h at 4 8C. The pellet was washed three times with 1 ml lysis buffer and once with 50 mM Tris -HCl pH 8.0, centrifuging at 12; 000g for 20 s between each wash. The final pellet was suspended in 30 ml sample buffer (100 mM Tris-HCl pH 6.8, 4% (w/v) SDS, 20% (v/v) glycerol, 10% (v/v) bmercaptoethanol, bromophenol blue). Samples were separated by SDS-PAGE and immunoblotted with amyc ascites fluid (9E10) at 1:7000.
